The Dynamics of the Madden-Julian Oscillation (DYNAMO) field campaign was conducted over the Indian Ocean (IO) from October 2011 to February 2012 to investigate the initiation of the Madden-Julian oscillation (MJO). Three MJOs accompanying westerly wind events (WWEs) occurred in late October, late November, and late December 2011. Momentum budget analysis is conducted to understand the contributions of the dynamical processes involved in the wind evolution associated with the MJO over the IO during DYNAMO using European Centre for Medium-Range Weather Forecasts analysis. This analysis shows that westerly acceleration at lower levels associated with the MJO active phase generally appears to be maintained by the pressure gradient force (PGF), which could be partly canceled by meridional advection of the zonal wind. Westerly acceleration in the midtroposphere tends to be mostly attributable to vertical advection. The results herein imply that there is no simple linear dynamic model that can capture the WWEs associated with the MJO and that nonlinear processes have to be considered.
Introduction
The discovery of the Madden-Julian oscillation (MJO) in the early 1970s has led to diverse and intensive research on the MJO in terms of its evolution, structure, and impact on other atmospheric phenomena [Madden and Julian 1971, 1972 ; see review by ; Lau and Waliser 2012] . The global-scale MJO, consisting of a hierarchy of multiscale convective systems, develops over the Indian Ocean (IO) and propagates eastward along the equator at a phase speed of about 5 m s 21 (Nakazawa 1988; Takayabu 1994; Roundy 2008; Kiladis et al. 2009 ).
The zonal circulation of the MJO is characterized by low-level westerlies (easterlies) in and to the west (east) of the convective center (Knutson and Weickmann 1987; Seiki and Takayabu 2007) . The direction of zonal winds in the upper troposphere is opposite to that in the lower troposphere. In addition to the convective signal as an identifier of the MJO initiation (Matthews 2008) , certain characteristics of the zonal circulation have been used as a standard metric for monitoring the state of MJO and investigating features of the MJO (Wheeler and Hendon 2004; Jiang et al. 2011; Barnes and Houze 2013; Yoneyama et al. 2013; Zhang et al. 2013; Straub 2013) . It is also accepted that the low-level MJO winds play a role by inducing surface turbulent fluxes that support the MJO convection (Maloney and Sobel 2004; Araligidad and Maloney 2008; Sobel et al. 2008 Sobel et al. , 2010 . In addition, it has been noted that the westerly wind events (WWEs) associated with the MJO can impact El Niño-Southern Oscillation (ENSO) Hendon et al. 2007; Seiki and Takayabu 2007) .
Despite considerable effort made toward improving the prediction skill of the MJO, critical challenges still remain for current general circulation models (GCMs) to more accurately represent the MJO and, in particular, its initiation over the IO. Dominated by seasonally changing monsoon flow, the IO is a unique setting particularly for the MJO whose features strongly depend on the seasonal cycle (Rui and Wang 1990) .
Despite the frequent occurrence of WWEs over the IO [ Fig. 3 of Seiki and Takayabu (2007) ] and different spatial relationships between convection and wind associated with the MJO (Kerns and Chen 2014) , previous studies have focused largely on the WWEs over the western Pacific where the eastward-propagating MJO convection redevelops after its weakening over the Maritime Continent (Kessler et al. 1995; Carr and Bretherton 2001; Lin et al. 2005; McPhaden et al. 2006; Seiki et al. 2011) . In particular, the Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE), with two major MJOs during the intensive observing period from 1 November 1992 through 28 February 1993, has provided opportunities for detailed studies on the WWEs that occurred over the western Pacific warm pool (Lin and Johnson 1996; Yanai et al. 2000; Carr and Bretherton 2001; Tung and Yanai 2002a,b; Lin et al. 2005) .
Using Doppler radar data, Houze et al. (2000) identified strong midlevel inflow in the stratiform regions of mesoscale convective systems (MCSs) during the westerly onset and in regions of strong westerly winds associated with the Kelvin-Rossby wave pattern. They postulated that the mesoscale inflow transports easterly momentum downward, reducing the westerlies near the surface in the westerly onset region, while in the strong westerly region, the mesoscale inflow jet brings westerly momentum downward, enhancing the surface westerlies. Numerical simulations by Lafore and Moncrieff (1989) showed that the strong midtropospheric inflow at the rear of mesoscale convective systems is driven by the horizontal pressure gradient arising from potential temperature gradients that are generated by latent heating in the convective region and unsaturated evaporation-driven mesoscale descent.
On the basis of residual momentum budget analysis, and utilizing objectively analyzed soundings during TOGA COARE, Tung and Yanai (2002a,b) demonstrated the transfer of kinetic energy from convection to large-scale westerly wind events. They concluded that the upscale energy transfer is promoted at the onset of the MJO low-level westerlies, while convective momentum transport (CMT) largely acted as a frictional damping in the mature stage that has strong low-to middle-level westerlies, by decelerating the large-scale zonal flow. Adopting the findings by Tung and Yanai (2002a,b) to their theoretical model experiments, Khouider et al. (2012) highlighted two-way interactions between convectively coupled waves (CCWs) and the background MJO winds through the CMT.
In addition, Lin et al. (2005) examined a zonal momentum budget associated with the MJO over the equatorial western Pacific using 15 years of daily global reanalysis data. According to their study, the pressure gradient force (PGF) plays a major role in driving MJO zonal winds throughout entire troposphere. This strong forcing is balanced by the vertical advection of perturbation zonal wind by the mean vertical motion and zonal advection of the mean zonal wind by the perturbation zonal wind in the upper troposphere. In addition, the meridional advection of the zonal wind by the perturbation meridional wind and the budget residual, representing all subgrid-scale processes, act primarily as a damping effect to balance the PGF in the lower troposphere.
The Dynamics of the Madden-Julian Oscillation (DYNAMO) field campaign was conducted over the IO from October 2011 to February 2012 to investigate the initiation of the MJO over the IO and improve our forecasting skill of the MJO (Yoneyama et al. 2013 ). This international effort yielded unprecedented highquality datasets including observations from groundbased radars, upper-air soundings, aircraft, ships, and satellites to benefit comprehensive studies of the mechanisms related to the initiation of the MJO over the IO (Johnson and Ciesielski 2013; Yoneyama et al. 2013) .
Three MJOs, each accompanied by one or more WWEs, occurred in late October, late November, and late December 2011 Moum et al. 2014; Yoneyama et al. 2013) . We refer to these three events as MJO1, MJO2, and MJO3, respectively. A more detailed description and large-scale context of these MJOs can be found in, for example, Yoneyama et al. (2013) , Gottschalck et al. (2013) , and Johnson and Ciesielski (2013) . In particular, MJO2 is intriguing for its diverse characteristics. Two bursts of westerly winds along with two rainfall peaks were observed in association with MJO2 (Moum et al. 2014) . Furthermore, the excellent availability of data collected by all instruments in the field made MJO2 an ideal case for detailed studies (Fu et al. 2013; Judt and Chen 2014; Kerns and Chen 2014) .
The purpose of our study is to investigate the generation of low-level westerly winds during the MJO life cycle. The synoptic-scale WWEs were also embedded in the low-level westerly wind component of the MJO Chiodi et al. 2014) . pointed out the confusion among the concepts for the westerly winds at different time scales. For brevity, the term WWE, as used in this study, refers to all significant low-level westerly wind signals lasting from a few days to 2 weeks coincident with the MJO events during DYNAMO. We perform the momentum budget analysis to understand the respective contributions of various processes involved in the wind evolution associated with the MJO over the IO during DYNAMO using European Centre for Medium-Range Weather Forecasts (ECMWF) operational analyses. This study focuses on the zonal momentum budget, since the circulation during MJO life cycle is more noticeable in zonal than meridional winds (Madden and Julian 1971) .
In addition to the analysis of the momentum budget to shed light on common features of the MJO events in 2011 DYNAMO, the unusual behavior of MJO2 is investigated in detail. Previous studies highlighted the interaction between the MJO convective envelope and CCWs during DYNAMO field campaign (Moum et al. 2014; DePasquale et al. 2014; Kerns and Chen 2014) . Using TRMM precipitation, Gottschalck et al. (2013) and Moum et al. (2014) identified two convectively coupled Kelvin waves moving rapidly eastward within an envelope of MJO2 and documented that these Kelvin waves contributed to the heavy precipitation amounts observed during MJO2. Meanwhile, Kerns and Chen (2014) emphasized westward-moving Rossby wave-like systems, presumably consisting of an equatorial Rossby (ER) wave or mixed Rossby-gravity (MRG) waves within the eastward-propagating MJO2 envelope. They noted that the Rossby wave-like systems were responsible for the second rainfall peak as well as a dry-air intrusion during the MJO2 (Sobel et al. 2014; Wang et al. 2015) . In light of previous studies, the dynamical contribution of these synoptic-scale equatorial waves to the WWEs during MJO2 will be examined.
This study is structured as follows. Datasets and methods used for the analysis are discussed in section 2.
In section 3, kinematic features of the MJOs are described. In section 4, common features of WWE generation in the momentum budget associated with the MJO events are examined. Section 5 contains a further detailed investigation of WWEs during MJO2. A summary and conclusions are presented in section 6.
Data and methods

a. Data
The ECMWF operational analyses on pressure levels are used to compute momentum budget terms. The dataset, generated by Cy37r2 and Cy37r3 versions of the Integrated Forecast System (IFS) truncated at wavenumber T1279 (;16 km), was archived with a 0.258 spatial resolution, 25 vertical levels from the surface to 1 hPa, and a 6-hourly interval. Effects of cloud-scale horizontal pressure gradient are accounted for with a treatment of the vertical transport of horizontal momentum by convection in this model (Gregory 1997) .
1
More details can be found in Ling et al. (2014) . The data from DYNAMO field observations were assimilated to produce the ECMWF analyses (Johnson and Ciesielski 2013) .
For comparison to the model analysis, the Colorado State University (CSU)-DYNAMO upper-air and surface gridded analyses, version 3a (CSU v3a), based entirely on observations (i.e., no model input), which includes soundings, satellite winds, and Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) profiles, are used. The dataset has 18 spatial resolution and 25-hPa vertical resolution between 1000 and 50 hPa at a 3-hourly interval. The DYNAMO enhanced sounding network consists of two quadrilateral arrays covering the longitude band from about 738 to 808E over the Indian Ocean. The Northern Sounding Array (NSA) covers from the equator to 58N, whereas the Southern Sounding Array (SSA) covers from 78S to the equator. Further detailed documentation of datasets can be found in Johnson and Ciesielski (2013) , Ciesielski et al. (2014) , and Johnson et al. (2015) .
Additionally, 3-hourly Tropical Rainfall Measuring Mission (TRMM) 3B42 (version 7; Huffman et al. 1995) rainfall data are utilized to identify the convection related to the MJO. High-quality passive and active microwave estimates calibrated with infrared (IR) estimates are combined with rain gauge analyses to generate the TRMM data. The spatial coverage of this dataset is from 508S to 508N over the globe with a 0.258 longitude-latitude resolution.
b. Methods
The budget of the zonal momentum is computed as
where u is the zonal wind, y is the meridional wind, v is the vertical pressure velocity, u is the geopotential, f is the Coriolis parameter, and X is the time rate of change of the zonal wind due to unresolvable processes. Each budget term is calculated at each grid point using 6-hourly ECMWF analysis data. The zonal and meridional advection terms are computed using spherical harmonics, and the vertical advection term is calculated using centered finite differences. Although the ECMWF analysis data used in this study have relatively high spatial resolution (0.258) for a global dataset and take advantage of the intensive observations during DYNAMO, it is impossible to obtain a completely closed budget of momentum as a result of all effects from subgrid-scale processes including the acceleration through the convergence of momentum flux due to convection and other turbulence, errors in the computation and the data, and analysis increment. Therefore, we focus primarily on dominant terms of the momentum budget at grid scale of the analysis, rather than examine all budget terms and their closure in detail. Figure 1a shows longitude-time sections of TRMM 3B42 precipitation data averaged over the latitudinal band 78S-58N during the DYNAMO 2011 observation period. Vertical black lines denote longitudinal boundaries of the NSA and SSA (738 and 808E, respectively). Three MJO events were noted during this period: for example, two prominent events in late October and late November and one ''mini MJO'' in late December 2011. Figure 1b is a latitudetime diagram of TRMM 3B42 precipitation averaged over longitudes of the sounding arrays (738-808E). Horizontal black solid lines indicate latitudinal boundaries of NSA and SSA. The regions of vigorous convection associated with the MJO events shift southward with time, resulting in more precipitating area over the NSA during the early part of DYNAMO and over the SSA during the latter part of 2011 observing period (Johnson and Ciesielski 2013; Yoneyama et al. 2013) . With this in mind, our analysis is mainly focused on the NSA from October to December in 2011, in which the CSU v3a datasets are available and more convective related activities can be distinctly identified. Note that for the sake of calculation convenience, a rectangular region is chosen for the NSA (08-58N, 738-808E) in this study, which is slightly different from the actual spatial coverage of the sounding arrays shown in Fig. 1 of Johnson and Ciesielski (2013) . Overall, the ECMWF analyses agree well with the CSU v3a fields except for Q 1 above 150 hPa and after 15 December when the northern sounding sites of the NSA ended operations. The generally good consistency lends confidence that the ECMWF analyses have a credible quality to conduct the momentum budget analysis. Figures 2a and 2b illustrate deep ascending motions with peaks between 500 and 250 hPa in late October, late November, and late December, respectively, closely related to the passage of the active MJO phases over the NSA. The evolution of Q 1 throughout DYNAMO 2011 from CSU v3a data and ECMWF analyses are illustrated in Figs. 2c and 2d, respectively. The discrepancies in Q 1 above 150 hPa between CSU v3a data and ECMWF analyses are possibly related to cloud and temperature biases in ECMWF analyses. Nonetheless, the maxima in Q 1 correspond to the period of strong upward motion. Johnson et al. (2015) provided a detailed description of two maxima in Q 1 associated with MJO1 and MJO2, pointing out the stepwise evolution of cloud morphology within the MJO-namely, shallow nonprecipitating cumulus, followed by congestus, then deep convection, and finally stratiform clouds. The strong upward motion along with increases in the amplitude of Q 1 was followed by WWEs with their maxima at about 700 hPa and easterlies in the upper troposphere (Figs. 2e,f). Interestingly, the westerlies during the lateDecember MJO expanded higher (up to near 200 hPa) than those in the first and second MJO events. It has been argued whether the third event can legitimately be identified as an ''MJO'' Yoneyama et al. 2013; Kiladis et al. 2014) . Contrary to the MJOs in late October and late November, the MJO in December is not categorized as an MJO when applying a standard MJO tracking method based on the real-time multivariate MJO (RMM) index Yoneyama et al. 2013; Kiladis et al. 2014) . Nevertheless, the eastward-propagating signal associated with the late-December event was detected by 30-96-day eastward-only filtered OLR (Kiladis et al. 2014) ; therefore, the late-December event is generally referred to as an MJO Yoneyama et al. 2013) .
Overall features and comparison to observation during 2011 DYNAMO
While strong upward motion and the baroclinic structure of the zonal wind are common features associated with the active MJO phases in Fig. 2 , the behavior of lowlevel meridional wind varies among these the MJO events (Figs. 2g, h) . Furthermore, the magnitude of the meridional wind is weaker than that of the zonal wind. While the direction of low-level meridional wind varied for the late-October and late-November MJO events, northerly winds persisted for the MJO in late December. The southward shift of convection with time is responsible for this difference (Fig. 1b) . Figure 3a shows the 5-day running-mean time series of zonal wind (contoured) and its tendency (shading) from the ECMWF analysis averaged over the NSA. The 5-day running mean of TRMM 3B42 precipitation is displayed in Fig. 3b . Clearly evident is the strong convective activity associated with the MJO and the coincident westerly (easterly) acceleration at lower (upper) levels, resulting in the predominant baroclinic wind structure. Particularly noteworthy is the maximum westerly acceleration aloft over a deep layer centered near 600 hPa. 
Zonal momentum budget during DYNAMO
We examine the relative contribution of the various terms in Eq. (1) to the zonal-wind tendency averaged over the NSA using ECMWF analyses to assess which terms play a dominant role in determining the baroclinic structure of zonal winds as seen in Figs. 2f and 3a. Figure 4 shows time-pressure plots of the 5-day runningmean zonal advection (Fig. 4a) , meridional advection (Fig. 4b) , vertical advection (Fig. 4c) , and PGF (Fig. 4d) , respectively. The Coriolis force is not shown because of its smaller magnitude near the equator compared to the other terms in Eq. (1). Contours overlaid in each panel denote the local tendency of the zonal wind. Consistent with Trier et al. (1998) , the local tendency of the zonal wind is weaker than the individual forcing terms because of substantial cancellation among the forcing components. As a check on the accuracy of the estimation of the advection and PGF terms, the tendency predicted from a sum of the forcing terms on the right-hand side of Eq. (1) is compared to the actual tendency calculated from the wind components (not shown). The resulting correspondence between the sum of forcing terms and the actual tendency gives us confidence to conduct further analysis despite the existence of a significant residual above 200 hPa. However, the magnitude of the residual term below 200 hPa is relatively small.
The PGF in the lower and upper troposphere is the most dominant forcing term in the momentum budget for the local tendency of zonal wind related to the MJO active phase, and it has a dipole structure with a positive sign below 500 hPa and a negative sign above 500 hPa during each MJO active phase (Fig. 4d) . The vertical structure of PGF is in phase with that of the zonal-wind tendency, especially at every passage of the MJO active phase. In contrast, the meridional advection term tends to have a vertical structure that is opposite to the twolayer PGF structure (Fig. 4b) . In the lower troposphere (below 500 hPa), the meridional advection term partially balances the PGF, reducing the total westerly acceleration associated with the MJO active phase. Analogously, the zonal advection term partially offsets the PGF (Fig. 4a) in the upper troposphere (above 300 hPa), decreasing the net easterly acceleration related to the MJO active phase.
It is of particular interest to note that the vertical advection term is dominant at inducing westerly acceleration mostly between 700 and 200 hPa during the MJO active phases with strong vertical shear of zonal wind and upward motion. Furthermore, the vertical advection term related to the MJO1 and MJO2 tends to gradually rise in the vertical with time, indicating the upward transport of momentum by updrafts. At lower levels, the vertical advection tends to be in phase with the local tendency that is inducing westerlies. On the other hand, at levels above around 250 hPa, this term is out of phase with the local tendency, decelerating the easterlies.
To quantify the role of the individual terms in the zonal momentum budget in modulating the circulation associated with the MJO, we regress the individual forcing terms shown in Fig. 4 , as well as the budget residual, at all grid points within the NSA onto TRMM 3B42 precipitation averaged over the NSA. Although special caution is required when interpreting the budget residual owing to contamination by errors in the other terms of Eq. (1) and unknown analysis increment, the residual in the free troposphere is considered to largely account for the effect of CMT (Carr and Bretherton 2001; Tung and Yanai 2002a,b; Lin et al. 2005) . Figure 5 displays the longitude-pressure diagram of the regressed terms in the u-momentum budget (Figs. 5a-d ) along with the residual (Fig. 5e ) averaged between the equator and 58N. The regressed local tendency of the u wind is overlaid in each panel with contours. The in-phase (out of phase) relationships between the local tendency and terms on the right-hand side of Eq. (1) imply the term acts as a driving (damping) factor.
In addition, Fig. 5f illustrates the regressed TRMM 3B42 precipitation onto the NSA-averaged rainfall, indicating the longitudinal location of the convective center. Additionally, Fig. 6a displays a profile of the regressed local tendency of zonal wind averaged over the NSA, and Fig. 6b shows profiles of regressed forcing terms corresponding to the regressed local tendency. The regressed local tendency indicates westerly acceleration from the surface to 250 hPa with a peak near 700 hPa and easterly acceleration above 250 hPa (contours in Fig. 5a -e and profile in Fig. 6a) .
While the PGF term is the dominant contributor to the westerly acceleration from the surface to 600 hPa ( Fig. 5d and black line in Fig. 6b ), the meridional advection counteracts the PGF in the lower troposphere ( Fig. 5b and green line in Fig. 6b) , interfering with the establishment of low-level westerlies. On the other hand, vertical advection transporting westerly momentum upward is the largest contributor to the total westerly acceleration at levels higher than 600 hPa, resulting in a positive net acceleration between 600 and 250 hPa ( Fig. 5c and purple line in Fig. 6b) . The vertical advection, closely associated with convection but also impacting the momentum tendency equation (Mapes et al. 2006) , shows a westward tilted vertical structure in Fig. 5c .
The CMT defined by the residual in Tung and Yanai (2002b) is known to play a potential role in the westerly acceleration either in the westerly onset regime or in the strong westerly regime (Houze et al. 2000) . In our analysis, however, the residual that includes all the subgrid processes as well as analysis increment acts to damp the preexisting easterly flow in the upper troposphere above 200 hPa in the vicinity of the convective center (758E) (Fig. 5e and gray line in Fig. 6b ). The noticeable damping in the upper troposphere may result from detrainment at the cloud top (Yang and Houze 1996) . Nevertheless, the residual and the zonal advection terms in the lower troposphere are negligible compared to other terms in Eq. (1) (Fig. 6b) . Our result is consistent with the findings of Lin et al. (2005) based on 15 years of global reanalysis data and Miyakawa et al. (2012) based on a global cloud-resolving model. Although Lin et al. (2005) primarily focused on the zonal momentum budget based on the 30-70-day filtered departures from the zonal mean, which differs from our approach based on total zonal momentum budget, they also found that the advection due to zonal and vertical components contributes to the MJO zonal momentum budget in the upper troposphere while the meridional component results in zonal wind damping in the lower troposphere. On the other hand, defining large-scale terms as the horizontal-mean values within a 58-radius rain area associated with a MJO event to represent resolvable-scale circulations in a GCM, Miyakawa et al. (2012) presented the dominant contributions of PGF, vertical advection, and meridional advection to the MJO zonal-wind acceleration consistent with our result. However, their emphasis was rather on the zonal acceleration due to vertical momentum flux convergence associated with winds departing from the horizontal mean, which they called the zonal acceleration due to CMT.
We now consider the mechanisms by which three major terms-the PGF, vertical advection, and meridional advection-modify the atmospheric circulation associated with the MJOs throughout 2011 DYNAMO. Figure 7a shows a longitude-pressure diagram of the regressed geopotential height (contours) and Q 1 (shading) onto the TRMM 3B42 precipitation averaged over the NSA. The maximum heating between 500 and 300 hPa from 758 to 808E is collocated with the peak of the regressed rainfall as shown in Fig. 5f , indicating the release of latent heat by condensation over the region of strong convection. In the vicinity of this region, there exists a noticeable longitudinal gradient of the geopotential height at lower levels (decreasing from west to east) and a reversed gradient at upper levels, driving westerly (easterly) acceleration in the lower (upper) troposphere.
Along with the geopotential height decreasing (increasing) from west to east at 850 (200) hPa (shading) in the vicinity of the rainfall region over the NSA (contours), the horizontal circulation driven by the release of latent heat due to the rainfall over the NSA is conspicuous (vectors) in Figs. 7c and 7b. In addition to the zonal gradient of the geopotential height in the vicinity of rainfall peak, the two cyclonic circulations associated with the Rossby gyres could be possible contributors to the WWE resulting in a zone of westerlies between the two gyres as suggested by Takayabu et al. (1999) . Meanwhile, distinct divergent outflow at 200 hPa is also shown in the enhanced convective region, resulting in anomalous easterlies (westerlies) to the west (east) of the convection. We have shown that vertical advection can play a significant role in the zonal momentum budget. Moreover, it is noteworthy that the MJO, a planetary-scale disturbance with zonal wavenumbers 1-3, is recognized as an organization of a hierarchy of multiscale convective systems (Nakazawa 1988; Moncrieff et al. 2012) . Therefore, in order to better understand any MJO event, the convective systems at different scales embedded in the MJO should be taken into account. For example, Zuluaga and Houze (2013) identified 11 rain episodes with 2-4-day periods in active phases of MJO1-3 by using ground-based radar data during DYNAMO. To further understand the role of vertical advection, we decompose the zonal-wind and pressure velocity fields of the vertical advection term into low-frequency (5-day running mean: u and v) and high-frequency (deviation from 5-day running mean: u 0 and v 0 ) components. 2 The partitioning yields four terms as follows:
(2) Figure 8 shows time-pressure plots for each term on the right-hand side of Eq. (2) averaged over the NSA during DYNAMO in 2011. Among the four terms in Eq. (2), the low-frequency component (2v›u/›p; Fig. 8a ) and high-frequency component (2v 0 ›u 0 /›p; Fig. 8d ) of vertical advection are predominant. The vertical pattern of the low-frequency component resembles that of the total vertical advection shown in Fig. 4c , except that the low-frequency component is considerably smoother than the total vertical advection. This indicates that the total vertical zonal momentum transport during the MJO active phases was dominated by the low-frequency transport in which the environmental flow or equatorial waves (i.e., Kelvin or Rossby waves) with periods longer than a 5-day time scale could be involved (Kiladis et al. 2009 ). On the other hand, it is noteworthy that the vertical structure of the high-frequency vertical advection has a three-layer structure with a positive sign in the upper and lower troposphere and a negative sign in the midtroposphere, coincident for MJO active phases. The sign of high-frequency component is opposite to the mean flow, which suggests a countergradient transport. However, it is a small contribution and offset by large-scale vertical transport of zonal momentum, which seems to be predominately downgradient (Fig. 8a) . Shorter than the 5-day time scale, equatorial synoptic waves, such as 2-day inertia-gravity waves, 4-day MRG waves, or even possibly the largest mesoscale convective systems (Houze 2004; Kiladis et al. 2009; Wang and Liu 2011) , could constitute the high-frequency component, whose vertical structure mostly implies damping effects to the MJO circulation except for below 500 hPa. Figure 9 displays vertical profiles of the regression of decomposed vertical advection terms onto TRMM 3B42 precipitation over the NSA. Again, it is apparent that the low-frequency (black) and high-frequency (red) components account for the largest fraction of total vertical advection, whereas the second and third terms in Eq. (2) are negligible. In addition, the three-layer vertical structure of the high-frequency vertical advection term related to convection is evident in Fig. 9 .
Since meridional advection appears to have a discernible damping effect on the MJO circulation (see Fig. 6b ), we also further decompose this term in a similar fashion as the vertical advection term. Figure 10 shows time-pressure plots of each decomposed term of meridional advection averaged over the NSA. In contrast to the vertical advection decomposition shown in Fig. 8a where the low-frequency component (2v›u/›p) is dominant for all the MJOs, the low-frequency component (2y›u/›y; Fig. 10a ) for meridional advection is only dominant for the MJO3 active phase in late December. On the contrary, the high-frequency mode (2y 0 ›u 0 /›y; Fig. 10d ) of the meridional advection with two-layer vertical structure has discernable amplitude for the MJO1 and MJO2 active phases. The other terms are quite small. The southward shift of convection for MJO3 (Fig. 1b) and its associated circulation may explain the dominance of the low-frequency component and the weakness of the high-frequency component for the third MJO compared to the earlier two MJO events. 
Case study: November MJO
Two synoptic-scale WWEs spaced a few days apart during MJO2 in late November are examined in more detail in this section, particularly in light of the relationships among the momentum budget terms we have found in this study thus far regarding the establishment of the zonal-wind structure. Figure 11a is a time-pressure diagram showing the 6-hourly evolution of the NSA-averaged zonal wind from 21 to 30 November, coincident with the active phase of MJO2 over the IO. Embedded within the prolonged baroclinic structure of zonal wind with the low-level westerlies and easterlies aloft established from 23 November in association with the MJO2, two slantwise WWEs are evident with double maxima at 600 hPa on 25 November and at 700 hPa on 28 November. We refer to the former westerly wind event as WWE1 and the latter event as WWE2. The vertical structure of WWE1 developing from near the surface is more tilted with height and becomes deeper than that of WWE2. Each WWE is preceded by an increase in the magnitude of Q 1 (Fig. 11b ) that denotes enhanced convection over the NSA. The tilted vertical structure of the former Q 1 profile is pronounced, which suggests a stepwise evolution of cloud populations documented by Johnson et al. (2015) . On the other hand, the latter Q 1 profile is more top heavy than the former one, suggesting the WWE2 is more related to a stratiform rain process (Lin et al. 2004; Xu and Rutledge 2014; Johnson et al. 2015) .
Figures 11c-f are as in Figs. 4a-d , but for the MJO2 without 5-day smoothing in order to retain a 6-hourly varying signal. The local time rate of change of the zonal wind denoted by overlaid contours in each panel clearly depicts westerly acceleration (solid contours) preceding the actual occurrence of the WWE. While the westerly acceleration related to WWE1 develops from the surface on 23 November and reaches up to 150 hPa with a tilted vertical structure, the WWE2 westerly acceleration appears on 26 November and deepens only up to 500 hPa. As the local tendency of zonal wind is governed by the Eq. (1), we also display the individual terms from Eq. (1) in Figs. 11c-f except for the Coriolis force and residual terms owing to their smaller magnitude in order to determine which terms in Eq. (1) are primarily responsible for inducing the WWEs during MJO2. Interestingly, notable differences in relative magnitude of individual terms in the momentum budget between WWE1 and WWE2 are detected in Figs. 11c-f . The relationships among the terms associated with WWE1 are consistent with the common features based on all three MJO events that have been discussed-notably a dominant westerly acceleration due to the PGF (Fig. 11f) partly offset by the meridional advection of zonal wind in lower troposphere (Fig. 11d) and westerly acceleration by the vertical advection mostly concentrated in the midtroposphere (Fig. 11e) . In contrast for WWE2, the zonal and meridional advection in the lower troposphere become more in phase with the local tendency of zonal wind than the PGF (Figs. 11c,d,f) . Not only is the magnitude of the PGF at lower level remarkably reduced, but also its sign becomes negative at the beginning stage of WWE2. The vertical advection, which is mostly out of phase with the local tendency of zonal wind, shows little, if any, tilt with height and is confined between 500 and 200 hPa. Figure 12 shows the time series of the PGF, horizontal advection, and local tendency terms averaged between 1000 and 700 hPa over the NSA. The in-phase relationship between the PGF and local tendency is evident from 23 to 25 November, whereas horizontal advection shows a clear out-of-phase relationship with the local tendency. Thus, the westerly acceleration between 1000 and 700 hPa for WWE1 is most attributable to the PGF. In contrast, the local westerly tendency emerging on 26 November in association with the WWE2 shows a reversed relationship-that is, in phase with the horizontal advection and out of phase with the PGF. This different relationship among the local tendency, PGF, and horizontal advection terms for WWE2 suggests that different dynamic processes are responsible for these WWEs. To further elucidate why zonal advection plays a critical role for the establishment of WWE2 and its potential contributions from CCWs, the signals of Kelvin, ER, and MRG waves are identified during MJO2 by applying a wavenumber-frequency filter based on Wheeler and Kiladis (1999) but without equatorial symmetry constraints to the zonal wind. Table 1 contains the range of the wavenumbers and periods used for this filtering, and Fig. 13 displays time-pressure diagrams of the identified waves in the zonal wind averaged over the NSA. Since the time axis in Fig. 13 runs from left to right, a rightward (leftward) tilt with height is analogous to a westward (eastward) tilt with height in a pressurelongitude diagram.
As illustrated in Fig. 13a , two Kelvin wave events are evident during MJO2 with patterns of alternating zonal wind displaying westward tilt with height from the surface to around 150 hPa. Westerly phases start on 24 and 27 November from low levels following the increase in Q 1 by 1 day (see Fig. 11b ). The vertical structure in zonal wind, which appears like a boomerang, is also seen in Roundy (2008) and three positive maxima near the surface, 500 hPa, and 150 hPa, associated with the former Kelvin wave, are consistent with patterns found by Yang et al. (2007) . The westerly phases at lower levels coincide with the timing when the WWEs reach their maxima at 600 and 700 hPa on 25 and 28 November (Fig. 11a) , respectively.
On the other hand, the leftward (i.e., eastward)-tilted ER wave identified in the zonal wind (Fig. 13b) , with the lowest frequency among three waves presented in Fig. 13 , shows deep westerlies throughout the troposphere during the targeted period. This nearly equivalent barotropic vertical structure is also present in Kiladis and Wheeler (1995) , in which they relate ER waves to westerly wind bursts.
We also attempt to identify the MRG wave in the zonal wind by using the wavenumber-frequency filter during the MJO2. Figure 13c displays the temporal evolution of vertical structure of the MRG wave in zonal wind during MJO2. With an eastward tilt with height, the MRG wave, having a first-baroclinic-mode structure in the vertical as documented by Yang et al. (2007) , is predominant in association with WWE2 around 27 November. It is coincident with a westward-moving low-level cyclonic circulation identified by Judt and Chen (2014) and Kerns and Chen (2014) . They also attributed this synoptic-scale low pressure system to a MRG wave-like system. In Fig. 14, we further compare low-level-averaged (from 1000 to 700 hPa) values of the zonal wind during MJO2 among the Kelvin, Rossby, and MRG wave components as well as the temporal mean for the entire DYNAMO observing period (October 2011 -March 2012 for which the wave filtering is applied. Westerlies associated with the ER wave persist during the entire targeted period with its peak on 25 November exceeding the period mean by 1.7 m s
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. In addition, two westerly phases related to the Kelvin wave are present on 24-25 and 27-30 November. On the other hand, a westerly component related to the MRG wave becomes apparent in the later stage of MJO2 on 26 November, interestingly coincident with the period when the horizontal advection term becomes in phase with the local wind tendency as shown in Fig. 12 . The first maximum of total zonal wind on 25 November (Fig. 11a) is likely linked to the linear superposition of the Rossby and Kelvin wave peaks associated with its first westerly phase induced primarily by strong convection at this time. The second maximum on 28 November can be attributed to the concurrence of all three modes in their westerly phase.
We have noted from Fig. 12 that during WWE2, an in-phase relationship between the local tendency of zonal wind and horizontal advection becomes dominant, whereas the PGF tends to have out-of-phase relationships with the local tendency. Figure 15a displays a horizontal map of the zonal advection that accounts for the largest part of low-level westerly acceleration and total wind fields at 850 hPa on 27 November when the low-level-averaged local tendency of zonal wind reaches its second peak in Fig. 12 . Collocated with a strong cross-equatorial flow, a southwestnortheast elongated area of strong westerly acceleration due to zonal advection is prominent over the NSA. While westerlies prevail near the equator on the western side of the sounding arrays, two gyres located to the northwest and southeast of the NSA produce confluence over the NSA, resulting in the strong southwesterly flow. Figures 15b-e show an increasing synthesis of the Kelvin, Rossby, and MRG wave-filtered circulations on 27 November, each with TRMM rain rate (shading) overlaid, and finally with the mean circulation for the entire DYNAMO observing period. It is clearly seen that the NSA is dominated by heavy precipitation during this period. Figure 15b shows only Kelvin wave-filtered circulation (vectors). Westerlies are prevalent to the west of and in the heavy-rainfall region over the NSA, whereas weak easterlies are present in a limited region to the east of NSA. These easterlies could be weakened by the westerlies associated with the previous Kelvin wave event. Figure 15c displays circulations obtained by the superposition of the Kelvin and Rossby wave-filtered winds. A clockwise circulation to the southeast of the NSA as well as a counterclockwise circulation to its northwest emerges along with an increase in westerlies over the NSA. By adding the MRG wave-filtered winds, Fig. 15d illustrates the more expanded and apparent clockwise circulation to the east of the NSA and an even stronger cross-equatorial flow over the NSA. Finally, when the mean circulation (Fig. 14e) is added in, circulations over regions far from the NSA, associated with weaker rainfall, become comparable to the total circulation shown in Fig. 15a .
Summary and conclusions
The multinational cooperative DYNAMO field campaign conducted over the Indian Ocean (IO) during late 2011-early 2012 was devoted to advancement in understanding of the MJO dynamics and initiation processes. Three pronounced MJOs, each accompanying one or more WWEs, occurred in late October, late November, and late December 2011. All prominent low-level westerly winds lasting from a few days to 2 weeks associated with the MJO active phases are referred to as WWEs in this study. A zonal momentum budget analysis has been carried out to understand the respective contributions of the dynamical processes involved in the wind evolution associated with the three MJO events over the IO. Our analysis used the ECMWF operational analysis, which has relatively fine spatial resolution (0.258) and took advantage of the intensive observations during FIG. 12 . Time series of individual terms of zonal momentum budget averaged between 1000 and 700 hPa over the NSA. DYNAMO. We focused our analyses over the Northern Sounding Array (NSA) of DYNAMO when the MJO signal was strongest during the OctoberDecember 2011 period. As a result, we have found that the westerly (easterly) acceleration at lower (upper) levels induced by the pressure gradient force (PGF) accounts for the establishment of a baroclinic wind structure over the NSA following MJO convection. Along with the PGF, vertical advection that is closely linked to convection transports westerly momentum upward, resulting in a westerly acceleration in the midtroposphere. By further decomposing the zonal-wind and pressure velocity fields that make up the vertical advection term into lowfrequency (5-day running mean) and high-frequency (deviation from 5-day running mean) components, the relative contribution of these components to the total vertical advection associated with MJO active phase is examined. While the low-frequency component accounts for a considerable fraction of the total vertical advection, the high-frequency component exhibits an intriguing three-layer vertical structure with positive signs in the upper and lower troposphere and a negative sign in the midtroposphere. This structure resembles the findings by Mechem et al. (2006) and Miyakawa et al. (2012) based on cloud-resolving models and by Oh et al. (2015) based on reanalysis data.
In contrast, the meridional (zonal) advection at lower (upper) level cancels the westerly (easterly) acceleration effect by the PGF, damping the MJO circulation. Inconsistent with previous studies emphasizing a possible role of the budget residual in the westerly acceleration in the lower level, the residual in our study based on the ECMWF analysis with much finer spatial resolution only damps the preexisting easterly flow in the very upper troposphere, possibly as a result of detrainment near the cloud top. We speculate that this inconsistency could be attributable to the difference in the spatial resolution of datasets. With higher resolution, more of the convective transports are resolved, thus reducing the residual, as Arakawa (2004) pointed out for the moist static energy budget.
Our momentum budget analysis of westerly wind events associated with the MJO identified some competing mechanisms that stem from the dynamics of organized precipitating convection. The rearward vertical tilt of mesoscale convective systems relative to the environmental shear vector, referred to as slantwise layer overturning by Moncrieff (2004) , can increase the vertical shear and transfer kinetic energy upscale to the large-scale flow. This competes with the dissipative nature of turbulent cumulus convection. The work done by the horizontal pressure gradient normalized by the kinetic energy available from shear and propagation is a key aspect (Moncrieff 1992) . The rearward tilt of mesoscale convective systems relative to their direction of propagation affects the sign of the momentum transport; for example, eastward-propagating mesoscale systems generate westward momentum transport. Therefore, the zonal momentum tendency (the negative of the vertical gradient of momentum transport) in the lower troposphere accelerates the westerly wind. The above effects of organized mesoscale systems also apply to synoptic-scale superclusters. Moncrieff and Klinker (1997) identified another competing mechanism: organized convective momentum transport has the opposite sign from the parameterized subgrid momentum transport. Finally, the reason why the meridional transport of zonal momentum shown in our analysis acts to decrease the westerly wind may be due to tilted Rossby gyres. More complete descriptions of the above dynamical mechanisms are published in Moncrieff (2010) . It is likely that the effects of the above competing mechanisms are resolution dependent-an aspect that certainly warrants further investigation. Two WWEs spaced a few days apart during the active phase of MJO2 in late November are further examined on the basis of a 6-hourly evolving momentum budget analysis. The in-phase relationship between the PGF and local tendency in the lower level is pronounced in terms of the first WWE, whereas horizontal advection shows a clear out-of-phase relationship with the local tendency. However, interestingly, the local positive u tendency associated with the second WWE shows a reverse relationship (i.e., in phase with the horizontal advection, out of phase with the PGF). The different relationships among the local tendency, PGF, and horizontal advection in terms of WWEs during MJO2 suggest that different dynamic processes are impacting the occurrence of WWEs.
To explore this possibility, the dynamical contributions of synoptic-scale CCWs to the WWEs during MJO2 are also considered by isolating the signals of Kelvin, equatorial Rossby, and MRG waves from the zonal wind. The first zonal-wind maximum associated with the former WWE is likely due to the superposition of the Rossby and Kelvin wave-filtered westerly peaks, whereas the second maximum associated with the latter WWE can be attributed to the coherence of the Kelvin, ER, and MRG waves in their westerly phase. It is suggested that the emergence of the MRG wave in the MJO2 envelope, especially for the period of latter WWE, is attributable to the in-phase relationship between the low-level horizontal advection and local tendency of zonal wind, distinguishing the two WWEs.
Our results from the momentum budget analyses focusing on three MJO events during DYNAMO are an attempt to derive the common dynamical mechanisms behind WWEs that could lead one to distinguish different intrinsic features among individual WWEs associated with the MJOs. Through a detailed case study, we found that differences in the developing processes among WWEs can be attributed to different types of CCWs. However, in a future study, it would be worthwhile to develop an extended analysis of multiple MJO events using reanalysis data with a longer record and fine spatial resolution to gain generality in these results. In addition, the residual term known to contain the effects of CMT on the zonal-wind tendency deserves detailed investigation by comparisons to the parameterized convective momentum transport in GCMs.
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